Transforming growth factor beta (TGFb) is a potent trophic factor for midbrain dopamine (DA) neurons, but its in vivo function and signaling mechanisms are not entirely understood. We show that the transcriptional cofactor homeodomain interacting protein kinase 2 (HIPK2) is required for the TGFb-mediated survival of mouse DA neurons. The targeted deletion of Hipk2 has no deleterious effect on the neurogenesis of DA neurons, but leads to a selective loss of these neurons that is due to increased apoptosis during programmed cell death. As a consequence, Hipk2 -/-mutants show an array of psychomotor abnormalities. The function of HIPK2 depends on its interaction with receptor-regulated Smads to activate TGFb target genes. In support of this notion, DA neurons from Hipk2 -/-mutants fail to survive in the presence of TGFb3 and Tgfb3 -/-mutants show DA neuron abnormalities similar to those seen in Hipk2 -/-mutants. These data underscore the importance of the TGFb-Smad-HIPK2 pathway in the survival of DA neurons and its potential as a therapeutic target for promoting DA neuron survival during neurodegeneration.
Ventral midbrain DA neurons in the substantia nigra pars compacta (SNpc) and ventral tegmental area (VTA) control extrapyramidal movement and a variety of cognitive functions, such as motivation, drive, addiction and reward behaviors. The selective loss of DA neurons, or perturbations to the neural circuits established by DA neurons, such as the nigrostriatal and mesolimbic pathways, have been implicated in several neurodegenerative conditions, including Parkinson's disease 1, 2 . After the initial phase of neurogenesis, DA neurons undergo a period of programmed cell death (PCD) during the perinatal stages. In rodents, the majority of PCD in DA neurons occurs during the perinatal stages, from postnatal day 0 (P0) to P4, with a smaller amount of PCD detected at P14 (ref. 3) . Despite the occurrence of PCD, the number of neurons in the SNpc, as detected by Nissl or tyrosine hydroxylase (TH) immunoreactivity, progressively increase from P0 to P7 and reaches a plateau at P14.
Although the detailed mechanisms that regulate PCD in DA neurons are unknown, it has been proposed that, in a manner similar to sensory neurons and spinal motoneurons 4 , neurotrophic factors and their signaling mechanisms may promote the survival of DA neurons. Indeed, several pro-survival trophic factors for DA neurons have been identified by using in vitro cultures of dissociated DA neurons from the ventral midbrain of mouse embryos at embryonic days 13.5-14.5 (E13.5-14.5). These include brain-derived neurotrophic factor 5 , neurotrophin-4 (ref. 6 ), glial cell line-derived neurotrophic factor (GDNF) 7 and TGFb 8, 9 . Most of these trophic factors have welldocumented functions in regulating the survival of sensory, sympathetic and parasympathetic neurons during neurogenesis 10, 11 , which raises the possibility that they may also provide survival cues to DA neurons during development 4, 12 and thereby control the final number of DA neurons.
Several recent studies provide supporting evidence that links neurotrophic factors to PCD in DA neurons. For instance, expression of the GDNF receptors c-ret and glial cell line-derived neurotrophic factor family receptor a1 (GFRa1) has been detected in midbrain DA neurons during development and in postnatal brains. As would be expected from a target-derived trophic factor, GDNF mRNA is detected in the medium-sized striatal neurons, the presumptive target of DA neurons, at perinatal stages, but its concentration is significantly reduced after P14. The ectopic expression of GDNF in the striatum either by direct injection or by a transgenic approach reduces the magnitude of PCD in the DA neurons of the SNpc at perinatal stages 13, 14 . Conversely, the injection of a neutralizing antibody to GDNF enhances cell death during the first wave of PCD, but has no detectable effect on the second wave 13 . Although these results support the notion that GDNF is a prosurvival trophic factor, experiments with mice that have a targeted deletion in Gdnf or Gfra1 show no evidence of a neuronal deficiency in the SNpc at P0 [15] [16] [17] . The exact cause for this discrepancy is still unclear. It is possible that the early perinatal lethality of Gdnf and Gfra1 mutants may have prevented the examination of the effect of GDNF in postnatal DA neurons. Alternatively, additional trophic factors could act independently of, or synergistically with, GDNF to promote the survival of midbrain DA neurons during PCD.
One potential candidate for a pro-survival trophic factor is TGFb, which promotes the survival of cultured DA neurons with a higher potency than GDNF 8, 9, 18 . Like GDNF, at least two TGFb isoforms, TGFb2 and TGFb3, are expressed in the target tissues or in the vicinity of the midbrain DA neurons during development 19, 20 . Furthermore, application of a TGFb blocking antibody to chick embryos leads to a severe loss of DA neurons during development 8 . Despite these results, the exact role of TGFb in the development of DA neurons remains poorly characterized. Studies from nonneuronal cells have indicated that the diverse functions of TGFb largely depend upon the formation of multimeric protein complexes between different subtypes of Smad and their interacting partners, which in turn regulate the transcription of TGFb target genes 21 . HIPK2 is a transcriptional cofactor that has been recently shown to directly interact with receptor-regulated Smads (R-Smads), including Smad1, Smad2 and Smad3, and that enhances the suppressor functions of Smad1 on activation by bone morphogenetic protein (BMP) 22 . As Smad2 and Smad3 are primarily activated by TGFb, however, it is possible that their interaction with HIPK2 may be required for signaling by the TGFb pathway.
In this study, we provide evidence that TGFb3 and HIPK2 regulate the survival of DA neurons during PCD. The loss of either TGFb3 or HIPK2 results in similar deficiencies in the DA neurons, which is due to an increase in apoptosis. As a consequence, Hipk2 -/-mutants show a severe psychomotor behavioral phenotype that reflects neuronal deficiencies in the SNpc and VTA. HIPK2's function depends on its ability to interact with and activate the downstream targets of Smad3. Deletion of the Smad3-interacting domain in HIPK2 completely abolishes the ability of HIPK2 to activate Smad3-dependent gene expression. Taken together, the results from this study provide the first evidence that the TGFb-HIPK2 signaling mechanism regulates the survival and apoptosis of DA neurons during PCD.
RESULTS

Selective loss of midbrain DA neurons in
Hipk2 -/-mutants Using a reporter-gene construct, HIPK2 lacZ (ref. 23) , which contains the b-galactosidase gene (lacZ), targeted in-frame with the first coding exon of Hipk2, we found that this construct was expressed in the SNpc (A9) and VTA (A10), regions enriched with DA neurons (Fig. 1a-f ). The expression of HIPK2 lacZ was detected in these two regions as early as E15.5, became more prominent at E17.5 and remained high throughout all of the postnatal stages ( Fig. 1d-f) . Confocal microscopic analyses showed that essentially all of the DA neurons (marked by TH) in these two areas coexpressed HIPK2 lacZ (Fig. 1g-l) . In contrast to its expression in the SNpc and VTA, HIPK2 lacZ was not detected in the locus ceruleus or in target tissues that are innervated by midbrain DA neurons, such as the striatum, globus pallidus or nucleus accumbens ( Supplementary Fig. 1 online) . Unlike in sensory neurons 23 , expression of HIPK2 in the DA neurons of the SNpc and VTA did not colocalize with POU domain, class 4, transcription factor 1 (Pou4f1), also known as Brn3a. In fact, Brn3a was detected in a domain dorsolateral to the developing SNpc and VTA at E12.5 and in the red nucleus and interpeduncular nucleus at E15.5 and E17.5 ( Fig. 1m-o) . Taken together, these results indicate that DA neurons in the SNpc and VTA provide a system with which to investigate HIPK2 functions that are independent of Brn3a.
To determine whether the loss of HIPK2 affected the development of midbrain DA neurons, we analyzed the cellular and volumetric contents of the SNpc and VTA by stereology. Consistent with previous reports 3 , we found that the number of DA neurons in the SNpc and VTA in wildtype mice increased progressively during embryogenesis, reaching its maximum at P14, with a slight decrease in older mice (Fig. 2) . Although the number of midbrain DA neurons in wild type and Hipk2 -/-mutants seemed to be similar at E12.5, a substantial reduction was detected in Hipk2 -/-mutants as early as P0 and persisted into adulthood (Fig. 2b,d,g,h) . Specifically, a 40% loss of DA neurons was detected in the SNpc of Hipk2 -/-mutants throughout the postnatal stages, whereas the VTA showed a more pronounced deficit at P14, followed by a slight increase in the number of DA neurons at P28 (Fig. 2g,h ). The loss of DA neurons in Hipk2 -/-mutants seemed to involve the entire SNpc and VTA (Fig. 2a,c and b,d, respectively) . Consistent with the substantial 24 , were also reduced, by 57% and 42% in the SNpc and VTA of Hipk2 -/-mutants at P28, respectively (Fig. 2e,f, j) . In contrast to the DA neuron deficiencies seen in the SNpc and VTA, there was no detectable loss of GABAergic neurons in the substantia nigra pars reticularis ( Supplementary Fig. 2 online) .
Psychomotor behavioral abnormalities in Hipk2 -/-mutants Perturbations of dopamine transmission resulting from deletion of the Th gene, blockade of dopamine re-uptake or neurotoxin treatment have been shown to produce psychomotor behavioral abnormalities 25, 26 . Given the substantial loss of DA neurons in Hipk2 -/-mutants, we performed a battery of tests to evaluate behavioral correlates of nigrostriatal function. We found that the majority of Hipk2 -/-mice showed dystonia, characterized by the clasping of hindlimbs when mice were suspended by their tails (Fig. 3a,b) . In a 2-min test, 485% of Hipk2 -/-mutants showed significantly longer durations of clasping compared to wild-type mice ( Fig. 3c ; P ¼ 0.001). In addition, Hipk2 -/-mutants had a shuffling gait, characterized by a reduced gait width and a consistent failure to finish the tandem walk compared with wild-type mice (Fig. 3d) . The distance between the hind paws was substantially reduced in Hipk2 -/-mutants, similar to that observed in MPTP-induced neurotoxicity 27 . We observed that Hipk2 -/-mutants showed poor motor coordination on the Rotorod test (Fig. 3e) . Furthermore, Hipk2 -/-mutants showed severe retardation in the initiation of voluntary movement in four-limb akinesia and negative geotaxis tests (Fig. 3f,g ). In addition to the dystonia and impaired coordination, Hipk2 -/-mutants showed reduced responses to novelty compared with wildtype mice. In contrast to the active exploratory behaviors of wild-type mice, Hipk2 -/-mutants showed reduced locomotion when placed in an unfamiliar environment. To quantify the difference, we used an openfield apparatus to measure novelty-related locomotion in wild type and Hipk2 -/-mutants. Compared with controls, Hipk2 -/-mutants traveled a smaller total distance, entered the center of the field less frequently and spent more time in the periphery (Fig. 4a,b) . As a result, the distance of travel by Hipk2 -/-mutants was markedly reduced in the central portion of the test field, but only modestly affected in the peripheral areas (Fig. 4c) . The total distance traveled was significantly reduced in Hipk2 -/-mutants (P ¼ 0.003), whereas their average travel velocity was only modestly reduced (Fig. 4d) . After 5 d of acclimation, however, wild type and Hipk2 -/-mutants showed no detectable difference in baseline motor activity (data not shown). Notably, treatment with the dopamine type 1 (D 1 ) receptor agonist SKF 81297 increased similar home cage activity in wild-type and Hipk2 -/-mice, whereas injection with saline caused no difference in motor activity (Fig. 4e) . These results suggested that the function of the postsynaptic D 1 receptor remained intact in the absence of HIPK2. To determine whether the loss of mesencephalic DA neurons and the reduction of DA in the striatum of Hipk2 -/-mutants affect responses Calbindin-D28K 50 µm 250 µm
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Wild type Hipk2 to psychomimetic stimulants, we injected wild-type mice and Hipk2 -/-mutants with amphetamine, which inhibits DA reuptake and induces DA efflux at nerve terminals. Locomotor activity was monitored in the open field apparatus for 150 min. Hipk2 -/-mutants showed a substantially diminished response to amphetamine, whereas wild-type mice showed a marked increase in locomotor activity (Fig. 4f) .
Loss of HIPK2 increases apoptosis in DA neurons during PCD
The timing and magnitude of DA neuron loss in the SNpc and VTA of Hipk2 -/-mutants suggest that such deficits could result from either impaired neurogenesis or increased cell death during development ( Fig. 2g,h ). The absence of any detectable difference in the number of DA neurons in the SNpc or VTA of Hipk2 -/-mutants at E12.5, however, suggests that loss of HIPK2 most likely did not affect the generation of DA neurons during the early stages ( Fig. 2g,h ). To further examine the effect of HIPK2 loss, we designed neuronal birth-dating experiments to determine whether the initial stages in the neurogenesis of DA neurons were affected in Hipk2 -/-mutants. In the first experimental scheme, we pulse-labeled pregnant dams with BrdU at E10.5, collected the embryos at E11.5, E13.5 and E15.5, and counted the numbers of DA neurons a e f g b c d
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- (Fig. 5a) . Our results indicated that, in wild-type mice, the percentages of TH + BrdU + neurons, which represents the nascent DA neurons generated within the chase periods, were 82%, 89% and 76% at E11.5, E13.5 and E15.5, respectively (Fig. 5b,d ,f,l). Notably, there was no detectable difference between the wild type and Hipk2 -/-mutants ( Fig. 5b-g,l) . We used a second protocol, with injections of BrdU at E15.5, to examine the later phase of neurogenesis. Under this condition, however, no TH + BrdU + neurons were detected at E16.5, E18.5 or P0 in the wild type or Hipk2 -/-mutants (data not shown). The lack of colabeling may be due to a prolonged cell cycle in the progenitor cells, which may have exceeded the detection time frame. To further study the role of HIPK2 in the neurogenesis and differentiation of DA neurons, we examined the expression of several DA neuron-specific markers, including nuclear receptor subfamily 4, group A, member 2 (Nurr1), paired-like homeodomain transcription factor 3 (Pitx3), neurogenin 2 (Ngn2) and DA transporter (DAT), at various stages during development and in postnatal life. Our results showed no reduction in the expression of these markers in DA neurons of Hipk2 -/-mutants ( Fig. 5h-k and Supplementary Fig. 3 online) . Using Pitx3 as an independent marker, we found that the number of Pitx3 + cells in the SNpc and VTA at P0 were reduced by 42% and 48%, respectively, similar to what was determined using TH as marker ( Fig. 5m and Fig. 2g,h ).
To examine whether the loss of DA neurons in Hipk2 -/-mutants results from an increase of cell death during development, we used activated caspase 3 as a marker to determine the extent of PCD in Hipk2 -/-mutants 3 . Consistent with previous results, we found that apoptosis in wild-type mice reached its peak in both the SNpc and VTA at E17.5 and P0 (Fig. 6) . Although the extent of apoptosis in DA neurons was similar between wild type and Hipk2 -/-mutants at E12.5 and E14.5, it was significantly higher (P o 0.05) in Hipk2 -/-mutants at E17.5 and P0 (Fig. 6b,d,e, arrows) . After P0, there was no detectable cell death in the SNpc or VTA in the postnatal brains of wild-type mice and Hipk2 -/-mutants (Fig. 6e) . Many of the apoptotic cells in Hipk2 -/-mutants seemed to lack immunoreactivity for TH at lower magnifications, with only a few showing colabeling for activated caspase 3 and TH (Fig. 6b,d ). To determine whether the lack of colabeling was due to the different subcellular localization of activated caspase 3 and TH, we used a series of confocal images taken at incremental 2-mm intervals in the z positions, which showed partial or extensive colabeling of caspase 3 and TH in several apoptotic DA neurons of Hipk2 -/-mutants (Fig. 6f,h) . Similarly, DA neurons also showed coexpression of 
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-/- Supplementary  Fig. 4 online) . The increase of apoptosis in the SNpc and VTA of Hipk2 -/-mutants at E17.5 and P0 coincided with the reduction of DA neurons at similar stages and supports the notion that the loss of HIPK2 leads to an increase in cell death in midbrain DA neurons.
HIPK2 cooperates with R-Smads to regulate TGFb targets
The identification of HIPK2 as a direct interacting partner with receptor-activated Smads led us to hypothesize that HIPK2 is an essential component of the TGFb-mediated signaling pathways that support the survival of DA neurons. To test this hypothesis, we cultured DA neurons from the ventral mesencephalon of E13.5 wild-type and Hipk2 -/-mutant embryos. Our goal was to determine whether the loss of HIPK2 led to a compromise in the survival of neurons cultured in certain trophic factors. Similar to published results 8, 18 , we found that both TGFb3 and FGF8 were robust survival signals for wild-type DA neurons in vitro, whereas the effect of GDNF was modest (Fig. 7a) . Notably, although DA neurons from Hipk2 -/-mutants survived in the presence of FGF8 and GDNF, they failed to survive in the presence of TGFb3 (Fig. 7a) . To further investigate whether the loss of HIPK2 led to selective defects in the responses to different subtypes of TGFb, we cultured wild-type and Hipk2 -/-DA neurons with TGFb1, TGFb2 and TGFb3. We found that TGFb3 was the most effective of the three at promoting the survival of wild-type DA neurons, whereas TGFb1 and TGFb2 had a very modest or no obvious effect, respectively (Fig. 7b) . The presence of all three TGFbs did not provide an additive or synergistic effect for promoting the survival of the wild-type neurons, nor did they restore the survival of DA neurons from Hipk2 -/-mutants (Fig. 7b) .
Previous results have shown that HIPK2 directly interacts with R-Smads, including Smad2 and Samd3, which raises the possibility that such interactions may be required for TGFb3-mediated survival in DA neurons 22 . To test this, we first determined the function of HIPK2 in the downstream signaling pathways of TGFb in HEK293 cells using a reporter construct, SBE-luc, that contains multiple Smad binding elements upstream of the firefly luciferase gene 28 . We found that HIPK2 synergized with R-Smad to activate SBE-luc. HIPK2-induced activation of SBEluc was most pronounced in assays using Smad3 alone or when Smad3 was used in combination with Smad2 or Smad4 (Fig. 7c) . This effect was further enhanced by TGFb3 (Fig. 7c) .
The Smad-interacting domain in HIPK2 has been mapped to the region between amino acids 635 and 867, which also contained interaction domains for homeodomain proteins, such as Brn3a and NK3 (refs. 22,23,29) . To identify the region(s) in HIPK2 required to activate SBE, we performed a series of deletions from the C-terminus of HIPK2. Our results showed that the deletion of amino acids 1080-1189 (D1080-1189) or amino acids 898-1189 (D898-1189) did not affect the ability of HIPK2 to activate SBE. In contrast, these two mutants showed slightly higher activities in SBE luciferase assays (Fig. 7d) . These results were consistent with the findings that sequences between amino acids 976 and 1189 can recruit transcriptional co-repressors, such as CtBP (G. Wei and E.J.H., unpublished data). Therefore, removing these sequences increased the coactivator effect of HIPK2. Further deletion of the Cterminal half of the Smad-interacting domain at amino acid 752 (D752-1189) completely abolished the ability of HIPK2 to activate SBE (Fig. 7d) . As the Brn3a-interacting domain (amino acids 752-897) in HIPK2 contains the C-terminal half of the Smad-interacting domain, we reasoned that deletion of the Brn3a-interacting domain might affect the interaction with Smad. Consistent with this prediction, deleting the Brn3a-interacting domain (DBID) completely abolished the coactivator activity of HIPK2 (Fig. 7d) . Notably, deleting the speckle-retaining sequence also abolished the activity of HIPK2, probably by preventing HIPK2 localization to the nuclear body 30 . In contrast, inactivation of the kinase activity of HIPK2 by altering the highly conserved lysine residue in the ATP-binding pocket (HIPK2 K221A ) did not alter the effect of HIPK2, suggesting that the kinase activity of HIPK2 may not be necessary for its function as a coactivator (Fig. 7d) .
DA neuron deficiencies in Tgfb3 -/-mutants
The distinctive effect of TGFb3 on DA neuron survival suggests that TGFb3 may also provide pro-survival signals to DA neurons during PCD in vivo. Therefore, on the basis of the proposed function of HIPK2, one would predict that the removal of TGFb3 should result in a phenotype similar to that observed in Hipk2 -/-mutants. To test this hypothesis, we first examined the expression of TGFb1 and TGFb3 in the ventral mesencephalon during the periods of PCD. Using isoformspecific antibodies, we found that TGFb3 was expressed at a high concentration in regions that are adjacent to DA neurons (Fig. 8a-c) .
In contrast, immunoreactivity for TGFb1 was barely detectable (Fig. 8b) . We then examined the extent of apoptosis and cell loss in the midbrain DA neurons of mice lacking TGFb1 or TGFb3. Mice with the targeted deletion of Tgfb3 were maintained in the same genetic background as Hipk2 -/-mutants (C57B6; 129SvJ). Tgfb3 -/-mutants undergo perinatal lethality because of craniofacial defects 31, 32 , limiting our analyses of DA neuron deficiencies to prenatal and perinatal stages. Analyses of DA neurons showed that, similarly to what occurs in Hipk2 -/-mutants, the loss of TGFb3 did not affect the total number of midbrain DA neurons at E12.5, but it led to a 40-50% reduction in the number of DA neurons in the SNpc and VTA at P0 (Fig. 8d-f) . The number of DA neurons in the SNpc and VTA of Tgfb3 -/-mutants was almost identical to those in Hipk2 -/-mutants at P0 (Fig. 8f and Fig. 2g,h ). Corresponding to the neuronal deficiencies, a twofold increase in activated caspase 3-positive neurons was identified in the SNpc and VTA of Tgfb3 -/-mutants at the same stages ( Fig. 8g-i) .
Unlike the Tgfb3 -/-mutants, mice with a targeted deletion of Tgfb1 showed no gross abnormalities at birth and, in the NIH-Olac genetic background, survived more than 1 month after birth, but suffered from autoimmune disorders and neurodegeneration in the cortical neurons [33] [34] [35] . The differences in genetic background between the Tgfb1 -/-and Hipk2 -/-mutants did not affect the number of DA neurons (Supplementary Table 1 online) . Notably, Tgfb1 -/-mutants showed no detectable reduction in the number of DA neurons in the SNpc or VTA at 4 weeks of age (Fig. 8j) . Taken together, these results are consistent with the selective effect of TGFb isoforms in supporting the survival of DA neurons in vitro (Fig. 7) . The marked similarity of the DA neuron deficiencies between Tgfb3 -/-and Hipk2 -/-mutants support the notion that signaling mechanisms involving TGFb3 and the Smad-interacting transcriptional cofactor HIPK2 are required for the survival of DA neurons.
DISCUSSION
In this study, we present evidence that TGFb3 and the transcriptional cofactor HIPK2 are essential for the survival of midbrain DA neurons. Our results indicate that both Hipk2 -/-and Tgfb3 -/-mutants show a substantial loss of DA neurons that is due to increased apoptosis during PCD. The prominent psychomotor behavioral abnormalities in Hipk2 -/-mutants are consistent with those described in mouse mutants lacking TH in DA neurons 25, 26 . Injection with amphetamine, which induces DA efflux from nerve terminals, produced markedly reduced locomotor activity in Hipk2 -/-mutants (Fig. 4f) . In contrast, treatment with the D 1 receptor agonist SKF 81297 restored locomotor activity in Hipk2 -/-mutants (Fig. 4e) . Taken together, these results support the notion that the motor phenotypes in Hipk2 -/-mutants are due primarily to deficiencies in the number of DA neurons, whereas postsynaptic D 1 receptor function remains intact.
Despite the similarity of DA neuron deficiencies between Hipk2 -/-and Ngn2 -/-mutants 36, 37 , the mechanisms by which HIPK2 and Ngn2 regulate the development of DA neurons are quite different. In contrast to the severe impairment of neurogenesis observed in Ngn2 -/-mutants from E11.5 to E14.5, the loss of HIPK2 does not affect the number of DA neurons at E12.5 (Fig. 2) . In addition, the expression of several cell fate and differentiation markers for DA neurons, including Nurr1, Pitx3, Ngn2 and DA transporter (DAT), was not detectably reduced in Hipk2 -/-mutants ( Fig. 5h-k and Supplementary  Fig. 3 ). Furthermore, detailed neuronal birth-dating experiments also did not show any difference in neurogenesis between wild type and Hipk2 -/-mutants during embryogenesis (Fig. 5a-g ). BrdU injections at E15.5 fail to label any BrdU + TH + neurons at E16.5, E18.5 and P0. These results are consistent with a previous report that progenitors in the SNpc have limited potential to differentiate into DA neurons 38 . It is possible that these progenitors may have prolonged cell cycles after E15.5. Alternatively, the neurogenesis of DA neurons after E15.5 may involve a longer maturation process. Regardless of the exact mechanism, the loss of HIPK2 has no detectable effect on the neurogenesis of DA neurons. In contrast, the timing and the magnitude of apoptosis in DA neurons of Hipk2 -/-mutants during PCD, and the selective failure of Hipk2 -/-DA neurons to survive in TGFb3, support the hypothesis that HIPK2 is an important component in the TGFb signaling pathway that regulates the survival of DA neurons (Supplementary Fig. 5 online) . The manner by which TGFb controls neuronal survival or apoptosis is cell type dependent. For instance, TGFb promotes the survival of midbrain DA neurons in dissociated cultures, and blocking TGFb signaling with neutralizing antibody in chick embryos 8, 9 or through the targeted deletion of Tgfb3 or Hipk2 in mouse (Figs. 2, 5 and 7) leads to similar reductions in the number of DA neurons. Notably, the deficiencies in the number of DA neurons of treated chick embryos occur after the induction of DA neurons, suggesting that these particularly sensitive stages may correspond to the periods of PCD identified in rodents 3 . In contrast to its effects on DA neurons, a reduction of TGFb signals produces a robust reduction in neuronal apoptosis in sensory neurons during PCD 39 . Consistent with these results, the targeted deletion of Hipk2 results in reduced apoptosis and increased neuron number in the trigeminal ganglion during PCD 23 .
The phenotypes observed in the sensory ganglion and midbrain DA neurons of Hipk2 -/-mutants are consistent with the function of TGFb in these neurons and further support the notion that the signaling mechanisms involving TGFb and HIPK2 are cell type specific.
Two lines of evidence further indicate that HIPK2 is an essential element in the downstream signaling pathway of TGFb. First, DA neurons lacking HIPK2 fail to survive in the presence of TGFb, but not in the presence of other trophic factors (Fig. 7) . Second, HIPK2 directly interacts with R-Smads 22 , including Smad2 and Smad3, suggesting that HIPK2 can modulate the signaling pathways of TGFb. Finally, we show that HIPK2 enhances the ability of Smad3 to activate the SBE luciferase construct. The presence of TGFb further promotes the coactivator effect of HIPK2 (Fig. 7c) . Conversely, deletion of the Smad-interacting domain completely abolishes the ability of HIPK2 to promote the activity of Smad3 (Fig. 7d) . Taken together, these results suggest that the interactions between HIPK2 and R-Smads are essential for DA neurons to respond to the survival cues of TGFb. Although it is tempting to propose that the interactions between HIPK2 and R-Smads in the 'canonical' TGFb signaling pathway are essential for the pro-survival function of TGFb (Fig. 6e) , HIPK2 may regulate the survival of DA neurons through Smad-independent mechanisms. For instance, HIPK2 has been implicated in the p53-induced apoptotic pathway by the activation of p53 phosphorylation 40, 41 . In addition, recent evidence has shown that the p53-mediated activation of caspase 6 can further activate HIPK2 (ref. 42). Our results, however, indicate that in mouse embryonic fibroblasts (MEFs), a more sensitive system for p53 function, loss of HIPK2 has essentially no negative impact on p53 phosphorylation (G. Wei and E.J.H., unpublished data).
Our results in Figure 7 and results from several previous studies indicate that TGFb is a more potent pro-survival factor than GDNF 8, 9, 18 . Among the three isoforms of TGFb, TGFb3 seems to be the most efficacious in supporting DA neuron survival (Fig. 7) . TGFb3 is expressed at a relatively high concentration in regions close to DA neurons in the SNpc (Fig. 8) and therefore may provide local survival cues for these neurons at perinatal stages. In contrast, TGFb1 expression is barely detectable in the ventral midbrain and its loss has no negative impact on the survival of DA neurons (Fig. 8b,j) . These results, together with recent studies 33 In addition to their pro-survival functions, TGFb signaling mechanisms have also been implicated in the regulation of synaptic plasticity. In the synapses of Aplysia californica sensory-motor neurons, TGFb1 is necessary and sufficient for the induction of long-term facilitation and, on acute application, activates MAP kinase and synapsin phosphorylation 44, 45 . Furthermore, genetic analyses in Drosophila melanogaster provide direct evidence that mutations in BMP homolog gbb (glass bottom boat) and BMP receptors tkv (thickveins), sax (saxophone) and wit (wishful thinking) lead to a marked reduction in synaptic size, aberrant synaptic ultrastructure and decreased synaptic transmission [46] [47] [48] [49] . In light of these results, it is interesting to note that, although Hipk2 -/-mutants still retain about 50-60% of the DA neurons in the SNpc and VTA, they show marked motor deficits and reduced locomotor responses to amphetamine (Fig. 3) . These results suggest that TGFb signaling mechanisms involving Smad and HIPK2 may also regulate synaptic transmission in DA neurons.
In summary, we have identified HIPK2 as a transcriptional coactivator in the TGFb signaling pathway that regulates the survival of midbrain DA neurons during PCD. Our results indicate that interaction with Smad3 is essential for HIPK2 function and that the loss of HIPK2 or TGFb3 results in similar robust neuronal deficits in ventral midbrain DA neurons. These results suggest that the TGFb-HIPK2 signaling pathway may serve as a potential therapeutic target for promoting the survival of DA neurons.
METHODS
Histology and immunohistochemistry. Detailed methods for histology, immunohistochemistry and luciferase assays can be found in the Supplementary Methods online.
Stereology. The total numbers of TH + neurons in the SNpc and VTA were determined in wild type and Hipk2 -/-mutants using the optical fractionator, an unbiased cell counting method that is not affected by either the volume of reference (for example, the SNpc or VTA) or the size of the counted elements (for example, neurons). Neuronal counts were performed by using a computerassisted image analysis system consisting of an Olympus BX-51 microscope equipped with a XYZ computer-controlled motorized stage and the StereoInvestigator software (Microbrightfield). TH-stained neurons were counted in the left SNpc or VTA of every sixth section throughout the entire SNpc. Each section was viewed at lower power (4Â) and outlined. The numbers of TH-stained cells were counted at high power (100Âoil; NA 1.4) using a 50-Â 50-mm counting frame. For P28 and P14 mice, a 15-mm dissector was placed 2 mm below the surface of the section. For embryos and P0 mice, a 10-mm dissector was placed 1.5 mm below the surface of sections. Because tissues at E12.5 were cut thinner, a fractionator method was employed in counting TH + neurons, where only cell profiles were counted, and is considered as an estimate of cell population. The counts of DA neurons at E12.5 represented the entire pool of TH + neurons in the ventral mesencephalon.
Measurements of locomotor activity. Mice (n ¼ 5 for Hipk2 -/-mutants, n ¼ 7 wild type) were housed individually in photobeam activity cages (40 Â 20 Â 20 cm, San Diego Instruments) for 48 hrs after they were allowed to habituate in the same room for 7 d. Cages were equipped with 4 infrared photobeams, spaced 8.8 cm apart along the long axis. For the open field test, mice were placed in transparent Plexiglas cages for 10 min and locomotor activity was monitored by video tracking software (Ethovision Tracking Software, Noldus Information Technology) for 5 d. Details of the motor activity tests are described in the Supplementary Methods. Amphetamine challenge. Mice were habituated to the open field apparatus for 6 d until baseline locomotor activity showed no difference between the genotypes. For each of these days, mice were injected with saline 30 min after placement into the chamber and distance traveled over the ensuring 150 min was recorded. On day 7, 30 min after placement into the chamber, mice were injected with saline or 5 mg per kg (body weight) amphetamine and the distance traveled was monitored for 150 min.
Locomotor response to SKF 81297. Mice were singly housed in low profile cages and placed within standard photobeam frames. Mice had 4 d to acclimatize to their home cages before testing began. On day 5, half of the mouse cohort received an intraperitoneal injection of saline vehicle; the other half received the D 1 receptor agonist SKF 81297 (Sigma). The drug was aliquoted to a dosage of 10 mg per kg, delivered in an injection volume of 10 ml g -1 . After a further 4 d of acclimatization, all mice were tested a second time. Mice that received vehicle injection on day 5 received SKF 81297 on day 11, and vice versa. No test session effect was observed. All injections occurred between 15:00 and 16:00 on the testing day. Activity data (measured by photobeam breaks) were collected for all mice for 90 min after all injections.
DA neuron cultures. Primary DA neurons were prepared according to published procedures 6, 8 . Briefly, E13.5 mouse embryos were collected from time-pregnant Hipk2 +/-females. The ventral mesencephalon was dissected, dissociated after treatment with trypsin and cultured on cover slides coated with poly-D-lysine and laminin. The dissociated cells were cultured in the presence of a mixture of F12, DMEM, N1 additives (Sigma) and designated trophic factors. In general, 2,500 cells were plated on each cover slide and allowed to grow in the presence of GDNF (50 ng ml -1 ), TGFb (10 ng ml -1 ) or FGF8 (1 ng ml -1 , R&D Systems). Pilot cultures were established 2 hours after plating to determine the total number TuJ1-positive cells and TH-positive cells. Representative results of such cultures are presented ( Supplementary Fig. 6 online) .
Statistical analyses. Data were analyzed by two-tailed Student's t-test (for stereology counting (Figs. 2 and 7) , clasping analyses (Fig. 3a) , quantification of apoptosis (Figs. 5 and -7) and DA neuron cultures and luciferase assays (Fig. 6 ) and one-way or two-way ANOVA for behavioral tests (Figs. 3 and 4) . Values were expressed as mean ± s.e.m.
Note: Supplementary information is available on the Nature Neuroscience website.
